This paper proposes a new algorithm of generating command pulses for numerical controllers. Differently from the presently used NC pulse generating method, pulse trains with automatically changed frequency following reference displacement commands can be generated using the proposed algorithm, and the generated pulse command can be also modified in real time by introducing sensor signals into the controller feedback loop. Effectiveness of the proposed algorithm is demonstrated by simulation results, and a method of employing a feedforward controller to improve the controller performance is also discussed in this paper.
Introduction
In nowadays, servomotors are widely used as an important part of industrial machines, such as NC machine tools or industrial robots to provide position or velocity control. A commercial servomotor is usually powered by a servo drive, which receives a command signal from a controller, amplifies the signal, and transmits electric current to a servomotor in order to produce motion proportional to the command signal [1] . The command signal can be either a voltage signal or pulse signal that is transformed from a velocity, torque or position command. But in actual industrial applications in recent years, it is common that a desired velocity, torque or position is transformed into the corresponding pulse command to drive the servo system. Especially for position control, pulse signal is absolutely preferred due to its advantages in many aspects.
Compared to using the analog voltage signal, it is no longer necessary to compare the current motor position with the original position by using a pulse signal; therefore, the movable range of a motor is extremely extended. Moreover, because the motor rotation angle corresponding to one command pulse is fixed and determined by the encoder resolution which is much higher than that realized by using voltage signals, positioning becomes more accurate and easier to implement.
It is seen that there are many advantages in using pulse signals for position control. However, the problem of how to generate the proper command pulses from the target displacement command must be solved. It must be ensured that the correct number of pulses corresponding to the desired position be outputted; in the meanwhile, because the motor shaft speed is directly proportional to the pulse frequency, the outputted pulse intervals which determine the pulse frequency also need to be controlled to produce the required velocity. So far, various kinds of circuits have been developed to realize this function, and products employing these circuits for pulse generation such as PLC motion control units or motion control cards etc. are now widely used for motion control in NC machines or industrial robots. Although these products are able to generate pulses to reach the target position precisely, they cannot produce velocity of free-form curves easily. To realize velocity control, the displacement path must be divided into discrete segments in succession in advance. Thus by changing clock pulse frequency at different displacement segments, the generated velocity can be consequently changed [2] .
Differently from the existing methods, this paper proposes a new pulse generating algorithm for numerical controllers. By using the proposed algorithm, pulse trains with automatically changed frequency following reference displacement commands can be generated without the displacement partition. Moreover, real-time feedback control during the pulse generating process which is impossible for the presently used method can be also realized using the proposed algorithm. In this paper, the conventional method for pulse generation is reviewed first, and then the new algorithm is proposed. Effectiveness of the proposed algorithm and possibility of real-time feedback control are demonstrated by simulations.
Conventional NC Pulse Generating Algorithm
In the NC digital servomechanism as shown in Fig. 1 , position-measuring device such as a rotary or linear encoder is required to close the loop. Along with motor rotation, feedback pulses are created, counted and then compared with the command pulses. The compared error becomes the drive signal of the motor which causes the motor to rotate in the direction in favor of reducing this error until it becomes zero [3] . Since motor rotation angle is decided by command pulse number while motor shaft speed is decided by command pulse frequency, therefore, in order to get the target motor speed, how to generate command pulses with proper intervals from displacement commands is of great importance.
To provide the servomechanism with proper pulse command according to displacement command, the conventional circuits depend on registers and binary calculation for pulse generation. Displacement increment must be calculated and converted into pulse number before the pulse outputting routine begins, and pulses are outputted via binary calculation in accordance with JCMSI 0005/09/0205-0271 c 2008 SICE specific rules.
To explain further, Fig. 2 (a) shows the principle of the conventional DDA pulse generating algorithm of one axis. As shown in the picture, the pulse number corresponding to the displacement increment is stored in register Y. Resister R works as a calculator, the number in register R is added by the number in register Y repeatedly following clock pulse. When register R overflows, one pulse is outputted, the over-flow pulse is forwarded into servo driver's error register to produce motor rotation.
As for the presently used pulse generating method, the pulse generation process is fast since it depends on registers and binary calculation; however, the conventional methods still have shortages in the following aspects. It is seen that pulse interval or pulse frequency is decided by clock pulse frequency. Since clock pulse frequency is fixed at one single displacement increment, which means that pulse frequency can be only changed at different displacement segments, therefore, real-time changing velocity demand can be hardly satisfied if the displacement path is not adequately divided. Because there is no position feedback during the pulse outputting process, the displacement increment in register Y cannot be changed until the appointed number of pulses is all outputted. Moreover, in order to realize clockwise and counter-clockwise motor rotation, two independent loops are required to generate positive and negative pulses respectively. These are all factors that prevent the current pulse generating products from better performance in real-time motion control.
New Algorithm Description
Functional diagram of the numerical controller which adopts the proposed algorithm for pulse generation is shown in Fig. 2 (b) . In the controller, the V-F transformer receives the provided displacement commands and generates command pulses according to the proposed algorithm. To close the position loop, a pulse counter which is used to offer position feedback to the controller is also included.
In the controller, the pulse generating algorithm in the V-F transformer is executed in routine. Each time the algorithm is executed, the target displacement at that time is sampled, and error between the present displacement and target displacement is compared. In Fig. 2 (b) , e i is used to represent the compared error between the present displacement and the target displacement of algorithm executing iteration i. The V-F transformer receives e i , and then generates pulses according to the following algorithm:
Here value is regarded as a threshold which is given to the V-F transformer before the pulse generating routine starts; sum represents the presently accumulated error.
As shown above, if sum exceeds the threshold value, one pulse is outputted. Depending on the sign of the accumulated position error sum, either positive or negative pulses can be outputted to produce clockwise or counter-clockwise motor rotation. After one pulse is outputted, sum is supposed to back to zero to prevent overshoot. The outputted pulse number up to present is counted, converted into displacement and feed backed as current position to compare with the target for the next iteration. The above process goes repeatedly until the compared position error between the present and the target becomes zero so that target position can be precisely reached.
According to the algorithm, the generated pulse interval is related to the compared position error e i . Larger e i brings smaller pulse interval, which means higher pulse frequency while smaller e i leads to the opposite result. In this way, automatically changed pulse frequency according to reference displacement command can be produced. Moreover, considering the characteristic of motor system, the generated pulse frequency should not be higher than the maximum motor speed, otherwise the motor will not be able to follow the reference signal and target position may not be reached. Since according to the proposed algorithm, only one pulse can be outputted at one time interval at the most, therefore, we can adopt the pulse frequency which corresponds to the maximum motor speed as the algorithm executing frequency, so that the generated velocity will not exceed the motor's limit. Assuming that the motor's maximum speed is v max r/min, encoder resolution is n p/r, and then the algorithm executing frequency can be given as
Different from the presently used NC pulse generating method, the proposed algorithm is based on real-time feedback control. Therefore, it is no longer necessary to convert the target displacement into corresponding pulse number because positioning can be guaranteed by the kept comparison between the current position and the target position. Moreover, pulse train with automatically changed frequency following real-time reference displacement command can be generated using the proposed algorithm. In this way, velocity of free-form curves which is difficult to realize for the conventional method can be easily produced using the proposed algorithm.
To verify the effectiveness of the proposed algorithm, different reference signals are given to the controller to see how the controller performs. For simulations, the controller parameters are set as follows: given that the encoder resolution is 2048 p/r, the maximum motor rotation speed is 4500 r/m, the controller frequency is set to 140,000 Hz which is calculated using Eq. (1). value in the V-F transformer is a parameter that has important effects on the performance of the controller (this will be discussed later). Here, it is set to 1 as one example. Figure 3 (a) shows the generated command pulses from displacement command with a constant velocity of 100 rad/s, while Fig. 3 (b) shows the generated command pulses from sin displacement command. To compare with the generated command pulses, the corresponding displacements calculated using pulse counter are also displayed. It is seen that the generated displacement curves in the two graphs are both very closely to the reference displacement curves, which illustrates that proper command pulses corresponding to displacement command can be generated using the proposed algorithm.
Compensation for Delay Using Feedforward Controller
In the above section, it was pointed out that the algorithm executing frequency is decided by the maximum motor speed. Under this condition, error threshold value in the V-F transformer has great effect on the performance of the controller. To investigate its influence on the controller, a series of values are given to the V-F transformer while the reference signal is the same as which is used in Fig. 3 (a) . The generated displacements are shown in Fig. 4 , and the calculated controller steady-state errors corresponding to different values are shown in Table 1 . From the simulation results it's seen that the controller has both higher responsiveness and accuracy with smaller value. In fact, because the command pulses are generated based on position error accumulation in the V-F transformer, therefore, the controller can be approximated to an integral unit as shown in Fig. 5 , in which 1/s represents sum, while the gain K is related to threshold value in the V-F transformer.
To further investigate the gain K, the input and output signals of the controller are denoted by r(t) and c(t), respectively, and error signal between the input and output is designated by e(t).
Taking the Laplace transform, the open-loop transfer function of the controller is given by
Since E(s) is
the steady-state error is
using the reference signal
we obtain the steady-state error
According to Eq. (6), value of gain K can be derived if we know the steady-state error of the controller and the reference velocity. Because steady-state error of the controller only relates to value in the V-F transformer when the reference velocity is constant as proved in Fig. 4 , it can be deduced that the gain K is actually decided by value. Using the simulation data in Fig. 4 , steady-state errors of the controller corresponding to different values are obtained and shown in Table 1 , and the corresponding gain K is also calculated using Eq. (6). Data in Table 1 illustrates that the gain K has a contrary relationship with value. Since Eq. (6) shows that the controller has smaller error with larger gain K when the reference velocity is constant, thus the above relationship between value and K proves that controller error can be reduced by decreasing value in the V-F transformer. However, value in the V-F transformer cannot be too small because the system gets easier to become unstable with a larger gain [4] . Therefore, in order to enhance the controller performance, feedforward controller is employed in this paper for error compensation. Block diagram of the modified controller is shown in Fig. 6 . Assuming that G c (s) is the employed feedforward controller, the closed-loop transfer function of the modified controller is given by
The Laplace transform of E(s) is
Now we let E(s) be equal to zero, that is
and then we have
Equation (10) shows the deduced ideal transfer function of the feedforward controller; however, it is seen that the equation is difficult to implement. To realize this function, we can use the following equation
as a substitute, while the gain K in Eq. (11) can be calculated using Eq. (6). Next, the same reference signal is given to the modified controller to see how the controller performs after the feedforward controller is added. Values of K in the feedforward controller are set according to the data in Table 1 . It is apparent from the results shown in Fig. 7 that the controller error is well compensated after the feedforward controller is employed, and the controller responsiveness and accuracy are both greatly improved. Fig. 7 Displacements after the feedforward controller is employed.
Possibility of Real-Time Modification of the Generated Command Pulses
By using the proposed algorithm as described in Fig. 2 (b) , command pulses with automatically changed frequency following reference displacement command can be generated. Moreover, because the proposed algorithm is based on feedback control, the generated pulse command can be also simply modified in real time, which is irrealizable using the conventional method. For example, sensor signals can be introduced into the feedback loop of the controller for modification of target displacement as shown in Fig. 8 . Possibility of real-time modification of the generated command pulses is investigated by simulation. As one case, using the signals in Fig. 9 , the generated command pulses and the corresponding displacements with and without the modified signal are shown in Fig. 10 (a) and Fig. 10 (b) , respectively. It is observed that the generated pulse train immediately changed after the modified signal is brought into the feedback loop, and the actual displacement curve is a combination of the reference signal and the modified signal. 
Conclusion
In this paper, a new algorithm of generating command pulses for numerical controllers was proposed. Structure of the numerical controller which adopts the proposed algorithm was pre-sented, and the performance of the controller was evaluated by simulations. From the simulation results it is observed that although command pulses corresponding to the reference signal can be generated using the proposed algorithm, the controller delay (steady-state error) becomes more serious when the error threshold value in the V-F transformer increases. To compensate this delay and to improve the controller performance, a feedforward controller was employed in this paper, and it was proved to be effective in enhancing the controller performance. Moreover, possibility of real-time modification of the generated command pulses using feedback signals was also discussed in this paper.
